We describe sequences of two human ribosomal proteins, S14 and S17, and messenger RNAs that encode them. cDNAs were used as molecular hybridization probes to recognize complementary genes in rodent, Drosophila, and yeast chromosomal DNAs. Human ribosomal protein sequences are compared to analogous Chinese hamster, yeast, and bacterial genes. Our observations suggest that some ribosomal protein genes have been conserved stringently in the several phylogenetic lines examined. These genes apparently were established early in evolution and encode products that are fundamental to the translational apparatus. Other ribosomal protein genes examined, although similar enough to heterologous DNA sequences to indicate their structural relationships, appear to have diverged substantially during evolution, probably reflecting adaptations to different genetic environments.
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Phylogenetic differences among contemporary "housekeeping" genes are likely to reflect pathways followed in successful evolutionary lineages. Ribosomal genes are particularly useful evolutionary markers, because natural selection is difficult to envision prior to establishment of an accurate mechanism for translating nucleic acid sequences into proteins, and because ribosomes from diverse organisms display remarkably similar subunit structure and function. These similarities are likely to reflect fundamental features of the translation mechanism fixed during the earliest moments of evolution.
For lack of sequence data pertaining to ribosomal proteins (rproteins) from most organisms other than the bacterium Escherichia coli, structural comparisons of modern ribosomal components usually have focused on ribosomal RNAs (rRNAs) and their genes. Recently recombinant DNA and nucleic acid sequencing techniques have been used to study rprotein genes from a variety of organisms (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . We have characterized several Chinese hamster and human rprotein transcripts (cDNAs) and polypeptides (17) (18) (19) (20) . Now we describe comparisons among two human rproteins, the DNAs that encode them, and homologous rprotein genes in other organisms (Chinese hamster, Drosophila, yeast, and E. coli).
MATERIALS AND METHODS
Materials. Chinese hamster (Cricetulus griseus) fibroblasts
(CHO) and human fibrosarcoma (HT-1080) genomic DNAs as well as rprotein cDNA clones used in this study have been described (17) (18) (19) (20) (21) . Drosophila melanogaster (strain Canton S) DNA was a gift from Robb Denell (Kansas State Univ.). Genomic DNAs were purified from Saccharomyces cerevisiae (X2180-1B) and E. coli (K-12) spheroplasts as described (17) . (22) were prepared essentially as described before (17, 19) with the addition of denatured pBR322 DNA, poly(rA), poly(rG), poly(rC), and poly(rU) competitors (3 ,ug/ml each) to hybridization solutions. Moderately stringent hybridization conditions were employed: 0.15 M NaCl, 0.015 M sodium citrate, 0.003 M sodium phosphate, 0.05% sodium dodecyl sulfate, pH 7.0 at 65°C.
Two protein and nucleic acid sequence databases were surveyed for entries similar to human rproteins S14 and S17: GenBankt and National Biomedical Research FoundationProtein Identification Resourcet. Searches for protein similarities employed the FASTP algorithm (23) , based upon the PAM250 matrix of amino acid similarities (24) . Protein homologies were evaluated by Monte Carlo statistics using the program RDF (23) . Results are expressed as differences between mean Monte Carlo similarity indices and test indices (in units of standard deviation). Optimized alignments of protein and nucleic acid sequences were generated by using the computer programs PRTALN and NUCALN (25) .
RESULTS
Genomic Sequences Complementary to Mammalian rprotein cDNAs. Because Chinese hamster and human rproteins appear nearly identical in two-dimensional electrophoresis (refs. 26 and 27 , and unpublished data), it seemed likely that nucleic acids encoding them also might be similar. Thus we surveyed a panel of genomic DNAs for sequences that cross-hybridized with our mammalian (human and Chinese hamster) rprotein cDNA probes (Fig. 1) .
Three cDNA probes were chosen for this analysis. Human rprotein S14 cDNA was selected because somatic mutations affecting this gene have permitted us to recognize and map the functional human S14 locus, RPS14, to chromosome Sq (17, 19, 20) and to characterize mutant alleles of Chinese hamster S14 emt b genes (18) . Human S17 cDNA was studied because it encodes a nearly full-length mRNA sequence and because human and Chinese hamster S17 cDNAs crosshybridize strongly (19) . Chinese hamster rprotein L32 cDNA clone was selected as representative of60S ribosomal subunit protein probes and because the nucleic acid and polypeptide sequpnces of murine L32 are known (13 The filter blots illustrated in Fig. 1 contained different amounts of genomic DNA from the organisms surveyed to control for differences in genetic complexities. All three mammalian cDNAs recognized similar patterns of fragments in human and hamster DNAs (lanes 1 and 2). S14 and S17 probes both detected homologous sequences in Drosophila DNA ( Fig. 1 A and B, respectively) , in contrast to the L32 probe, which did not (Fig. 1C) . Patterns of mammalian rprotein DNA bands (lanes 1 and 2) appear to reflect complex families of rprotein sequences composed of at least one active intron-containing gene and multiple processed pseudogenes (13, 14, 16, 17, 19, 20, 28 Ribosomal Proteins Homologous to Human S14. When the structure of yeast rprotein rp59 was reported (30), we were impressed by the similarity between the sequence of its carboxyl-terminal amino acids and that of mammalian S14 protein (18) . This portion of the mammalian S14 coding sequence includes nucleotides affected by emetine resistance mutations in Chinese hamster cells (18) , and for this reason it appears to be important for S14's function. Dot matrix comparison of yeast rp59 and human S14 amino acid sequences ( Fig. 2) indicated striking homology. The homology was particularly intriguing, because rp59 is the protein affected by yeast cryl (cryptopleurine resistance) mutations (29, 32) , and cryl mutations often confer cross-resistance to emetine (33) . Furthermore, homology between human S14 and yeast rp59 involves the two proteins through virtually their entire lengths, despite the fact that their amino acid sequences differ at several residues (Fig. 3) .
Motivated by the similarity between mammalian S14 and yeast rp59, we surveyed protein and DNA databases for other sequences similar to human rprotein S14. We recognized homology between S14 and E. coli rprotein S11. These amino acid sequences are aligned in Fig. 3 .
Alignments in Fig. 3 are statistically extremely significant (RDF scores of 42.9 SD and 13.1 SD for S14 vs. rp59 and S14 vs. S11, respectively). It should be noted, however, that much of the homology between S14 and S11 reflects conservative amino acid differences (underlined in the figure), not identities. The alignments involve a few proposed gaps: one long one in rp59 and six short ones in S11. The mammalian and yeast rproteins share 109 out of 151 residues, and the bacterial and mammalian proteins are identical in 56 of 130 positions. The great majority of differences that distinguish rp59 and S11 from mammalian S14 ark conservative. Proteins S11 and S14 possess very basic amino-and carboxyl-terminal sequences, features of the two proteins that have been noted previously (18, 34) . Arginine residues at positions 149 and 150 (Fig. 3) (20) and S17 (unpublished) were deduced from cloned cDNA sequences isolated in our laboratory. Yeast rp59 (30) and rpSl (31) (30) . The structure of E. coli S11 was deduced both by sequence analysis of the purified protein (34) and from a cloned genomic DNA fragment (15) . Amino acid residues are indicated by the following abbreviations: A, alanine; R, arginine; N, asparagine; D, aspartate; C, cysteine; E, glutamate; Q, glutamine; G, glycine; H, histidine; I, isoleucine; L, leucine; K, lysine; M, methionine; F, phenylalanine; P, proline; S, serine; T, threonine; W, tryptophan; Y, tyrosine; and V, valine. Spaces indicate gaps proposed to optimize alignment; dots, matching residues; underscored residues represent conservative amino acid differences compared with mammalian S14 (24) . Exclamation points indicate intron positions and hyphens are used to maintain alignment. and S11. Yeast rpS9 differs from mammalian S14 and bacterial S11 primarily in its amino terminus (positions Fig. 3 ). The human and yeast genes possess 298 identical base residues (65% identity), reflecting similarities between the amino acid sequences they encode (Figs. 2 and 3) (20) , whereas the yeast gene is less than 0.9 kbp (30) . Intron-exon junctions in the two genes are indicated by exclamation points in Fig. 3 .
A Yeast rprotein Homologous to Mammalian S17. In our survey of protein and nucleic acid sequence databases, we recognized substantial similarity between human S17 and yeast rp5l. Dot matrix comparison indicates striking homology that involves the amino-terminal two-thirds of their primary sequences (Fig. 2) . Fig. 6 depicts an alignment among human and Chinese hamster rproteins S17 and yeast rp5l (31) . Human and hamster S17 proteins are identical except for a single proline (P) vs. alanine (A) difference at position 133. Statistical analysis of homology involving the first 92 residues of the human and yeast proteins (Fig. 6 The nucleic acids encoding mamma can be aligned with two gaps in the ma one in the yeast gene (Fig. 7) . That a 3' half of the proteins' coding sequenc genetic recombinations 3' to residue 2 bp of the human and yeast gene seque despite the fact that human S17 cDNj a yeast genomic DNA sequence (Fig.  greatest similarity (Fig. 7 , residues 1 share 36 of 44 (82%) nucleic acid base rp59 share 66 of 73 residues (90% iden 169 and 242 (Fig. 4) . This small differe for the failure of S17 cDNA to detect sequence under the relatively stringe ization conditions employed (Fig. 1B DISCUSSION Models accounting for evolution of th tus have been difficult to formulate heterogeneity among analogous rpro large part for the lack of a universE nomenclature. Now, through applic DNA technology, rprotein gene seque rapidly and their structures can be ci
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In accord with the model of ribosome evolution described A probes do not detect above, S14 and S17 appear to be ribosome components fixed 1B first S14 intron. The rp59 intron interrupts the gene's third .and D.J.R.,unpublishedcodon, whereas the first S14 intron separates 5' leader was derived from a cloned sequence from coding sequence (Fig. 3 and ref. 20) . The S14 features of the figure are family of rprotein genes therefore provides an unusual example of gene evolution in which the number, length, and distribution 
